A secondary structure in the nascent RNA followed by a trail of U residues is believed to be necessary and sufficient to terminate transcription. Such structures represent an extremely economical mechanism of transcription termination since they function in the absence of any additional protein factors. We have developed a new algorithm, GeSTer, to identify putative terminators and analysed all available complete bacterial genomes. The algorithm classifies the structures into five classes. We find that potential secondary structure sequences are concentrated downstream of coding regions in most bacterial genomes. Interestingly, many of these structures are not followed by a discernible U-trail. However, irrespective of the nature of the trail sequence, the structures show a similar distribution, indicating that they serve the same purpose. In contrast, such a distribution is absent in archaeal genomes, indicating that they employ a distinct mechanism for transcription termination. The present algorithm represents the fastest and most accurate algorithm for identifying terminators in eubacterial genomes without being restricted by the classical Escherichia coli paradigm.
INTRODUCTION
Regulation of gene expression occurs primarily at the level of initiation. However, once the polymerase clears the promoter, at each subsequent nucleotide, in principle, it chooses whether to continue elongating or to fall off the template DNA (1). Therefore, not surprisingly, in many cases regulation also occurs at this elongation-termination decision (2, 3) . In Escherichia coli the decision to terminate is brought about by two mechanisms, simple and complex. Functionally, if a sequence brings about transcript release in an in vitro system with purified RNA polymerase alone, it is defined as an intrinsic, simple or factor-independent terminator. Terminators that require the presence of additional factors (including, though not restricted to, Rho) are classified as complex or factor-dependent terminators (4) . These two classes of terminators are not strictly defined, as the efficiency of many intrinsic terminators is enhanced by the presence of additional factors (2) .
A large body of experimental work in E.coli indicates that intrinsic terminators are characterised by a G/C-rich palindromic region followed by a trail of A residues on the template strand (5) (6) (7) . The palindromic region is believed to be extruded as a hairpin in the nascent RNA, causing the polymerase to pause (8) (9) (10) and weakening its interaction with the nascent RNA and template DNA (11) (12) . Final release is facilitated by the U-trail (13) probably due to the unusually weak nature of the rU·dA hybrid (14) . In addition, recent studies indicate that the primary role of the U-trail might be in stalling the polymerase and thereby providing time for the hairpin to form (15) .
It should be noted that the requirement for the U-trail is not absolute in E.coli. For instance, Lynn et al. (13) showed that removal of up to three of nine U residues in the thr attenuator sequence had no effect on termination efficiency. However, removal of four to six U residues caused a linear decrease in the efficiency of termination and, finally, when only one or two U residues were present, termination was completely abolished. On the other hand, complete deletion of the U-trail in the crp terminator has no effect on transcription termination (16) . Analysis of hybrid terminators indicates that terminators lacking a U-trail can be highly efficient, but only when joined with an appropriate sequence immediately downstream of the termination site (17) . Thus, the significance of the U-trail is not completely clear in E.coli.
Despite this ambiguity, all algorithms developed so far to identify intrinsic terminators search for a stem-loop structure followed by a U-trail (18) (19) (20) (21) (22) . Individual algorithms only differ in the manner by which they compute the stability of the stem-loop structure and the weight they attribute to the length of the U-trail. Recent attempts to extend such algorithms to other species surprisingly indicated that only a few bacterial species employ such structure-dependent terminators (22, 23) . In contrast, intrinsic terminators from E.coli have been shown to function in many bacteria, indicating that the underlying mechanism of transcription termination is likely to be conserved throughout the kingdom. This is not surprising since such a mechanism is independent of additional protein factors and therefore highly economical for the cell. In an attempt to resolve this paradox and formulate a general model for intrinsic transcription termination in eubacteria, the GeSTer (Genome Scanner for Terminators) algorithm has been developed to identify potential hairpin sequences in bacterial genomes. Analysis with GeSTer reveals that such sequences are concentrated *To whom correspondence should be addressed. Tel: +91 80 360 0668; Fax: +91 80 360 2697; Email: vraj@mcbl.iisc.ernet.in in the immediate downstream region of stop codons in most bacterial genomes, a feature one would expect of intrinsic terminators. Notably, many of these structures lack a U-trail entirely. The widespread occurrence of putative terminators suggests conservation of the mechanism of intrinsic transcription termination in eubacteria.
MATERIALS AND METHODS

Definitions
A terminator is defined primarily by a double-stranded stem with a central unpaired bulb (Fig. 1 ). In addition, there are unpaired regions that interrupt the stem. Of these, asymmetrical regions constitute gaps while symmetrical regions constitute mismatches. Apart from these structural features, the sequence of the nucleotides trailing the structure is important, at least in some cases. The GeSTer algorithm primarily relies on identification of palindromic structures in the downstream region and analysis of their stability, distribution, nature of the trail sequences and the presence of adjacent structures. The stringency of the search is determined by both the ∆G value of the structure as well as the permitted lengths for various components of the hairpin. The default parameters shown in Figure 1 are based on the qualitative assessment of all experimentally determined terminators in different bacteria (24) . All genomic sequences used in the present study were downloaded from http://www.ncbi.nlm.nih.gov:80/ PMGifs/Genomes/micr.html. Wherever multiple strains of the same species have been sequenced, the strain used in the study is explicitly identified in Tables 1 and 2 .
Searching for hairpins in whole genomes
The GeSTer algorithm contains three segments. The first segment accepts whole genome sequences in GenBank format and segregates the coding, upstream and downstream regions based on the feature table entries. At this stage the user has the option to tailor the various parameters used to identify the hairpin. The results presented here employ the default set of parameters indicated in Figure 1 . The second segment searches for palindromic sequences in the region encompassed by -20 to +270 nt around the stop codon for each gene, without entering adjacent coding regions. The search is initiated at the first G/C-rich (>50%) tetranucleotide stretch. A reverse complementary match is sought within the next 70 nt. A match defines the base of the stem and from here the match is extended inwards until a mismatch is encountered. Next, all possible structures are computed allowing for various combinations of mismatches and gaps. All these structures constitute variants of the same structure and are mutually exclusive, therefore only the one with the lowest ∆G is retained. ∆G Formation for each of these structures was computed using the most recent parameters available (25) . After the strongest structure is identified, the program searches for the next G/C-rich tetranucleotide and reinitiates the search. Again, in the case of overlapping mutually exclusive structures only the strongest structure is retained.
The third segment defines the final set of structures using a minimal ∆G Cut-off filter. The filter is derived from two components, the G/C content of the bacteria and characteristics of structures in the upstream region. Analysis of the non-coding regions in genomes (23) reveals that the basal ∆G varies from species to species. We find a strong linear correlation between basal ∆G of the region downstream of genes and the G/C content of the genome (Fig. 2) . The best linear regression fit corresponds to equation 1.
Since most terminator elements are expected to be present downstream of genes, the selection was optimised to minimise the identification of structures present upstream of genes. To this end, we needed to identify 'pure upstream' regions, i.e. regions that were not downstream with respect to any gene. In any genome, adjacent genes are arranged in four possible orientations with respect to each other (Fig. 3) . When adjacent genes are transcribed in the same direction, it is difficult to theoretically distinguish between the downstream region of one and the upstream region of the next ( Fig. 3A and B) . On the other hand, convergently transcribed genes share a common downstream region ( Fig. 3C) , while divergently transcribed genes share their upstream regions (Fig. 3D ). The optimised cut-off value for ∆G was derived by iteratively weighting ∆G Downstream so as to maximise the separation between structures in the pure upstream versus downstream regions. The weight parameter is composed of the optimal ∆G for E.coli divided by ∆G Downstream for E.coli. Thus, the final cut-off ∆G for any genome is computed as follows:
With these parameters, the algorithm identified >90% of all experimentally determined terminators in different bacteria. At this stringency, false positives constitute <10% of the structures. All the putative terminators are classified based on the sequence in the trail as well as the position of adjacent structures (described below). The distribution of the structures was also analysed and is represented graphically. In the case of genes that are followed by multiple structures the best candidate is identified, again based on the lowest ∆G value. When, instead of non-coding sequences, uniform length downstream regions (-20 to +270 nt from the stop codon) were used for the analysis, very similar patterns were obtained (see Supplementary Material). It should be noted that G/U base pairing is commonly found in RNA secondary structures and therefore these have been included in the analysis, along with their energetic considerations. All, total number of structures identified by GeSTer; Best, the number of structures when only the strongest structure downstream of each coding region was included (this constitutes the set of best candidate terminators, numerically equal to the number of genes with a putative terminator).
Table 2. Putative terminators in archaeal genomes
All, total number of structures identified by GeSTer; Best, the number of structures when only the strongest structure downstream of each coding region was included (this constitutes the set of best candidate terminators, numerically equal to the number of genes with a putative terminator).
Classification
Based on the sequence content of trailing nucleotides and the presence of adjacent structures and coding sequences, structures were classified as follows. (i) E.coli type/L-shaped: those with >3 U residues present in the 10 nt trailing the structure (Fig. 4A) . These represent the classical E.coli paradigm for intrinsic terminators as described in the Introduction. (ii) Mycobacterium type/I-shaped: those composed of a hairpin with 3 or fewer U residues in the trail (Fig. 4B) . Such structures were first seen to predominate in M.tuberculosis (18) , however, they are also present in many other species (discussed below). (iii) Streptomyces type/V-shaped: structures that are immediately followed (or preceded) by another structure (Fig. 4C) . Such structures were first identified in Streptomyces sp. (26) . (iv) Tandem/U-shaped: where multiple structures are present downstream of a single gene with ≤50 nt between consecutive structures (Fig. 4D ). These could be composed of two or more structures. (v) Convergent/ X-shaped: structures present between adjacent convergently oriented genes (Fig. 4E ). It should be noted that all structures, other than the L-shaped ones, are symmetrical and could potentially work in either orientation.
Software details
The source code is in Visual Basic. The program runs in a Windows 97 environment. The program has a user friendly front end. Most parameters are set to default, however, the user has the option to change all of them, including ∆G Cut-off . All outputs are generated both in the form of graphs and as tab-delimited text files. In addition, individual structures can be seen graphically. The installable version of the software and sample output files for E.coli and Pseudomonas aeruginosa are available free (for non-commercial use) at ftp.bork.embl-heidelberg.de/pub/users/ suyama/GeSTer. The authors may be contacted for the source code or any commercial use of the software.
RESULTS AND DISCUSSION
The GeSTer program scans for palindromic sequences downstream of coding sequences in whole genomes. The stability of each structure is calculated using the parameters of Mathews et al. (25) . All structures identified are subjected to a species-specific ∆G Cut-off (derived as described in Materials and Methods). This denotes the complete ('All') set of putative terminators in the particular organism. Downstream of each gene, the strongest structure is judged as the 'Best' candidate for the primary terminator. All structures are classified based on the nature of their trail and the presence of adjacent structures (described in Materials and Methods, Fig. 4 ). The program also enables the user to analyse the overall distribution of terminators with respect to the stop codon for each gene in the genome. It should be noted that all classes of terminators defined by the program have been shown to function in one or other species. While L-shaped structures function in many species, including E.coli, V-shaped structures have been identified previously at least in Streptomyces sp. (26) . X-shaped structures function in both E.coli (27) and Streptococcus sp. (28) . In addition, we have shown that I-shaped structures, either alone or in tandem (U-shaped), function efficiently both in vivo and in vitro (24) .
Bacteria, but not Archaea, employ structures as terminators
We have used the program to identify potential intrinsic terminators in all known archaeal and eubacterial genomes. Notably, in most bacterial genomes there is a preponderance of potential hairpin sequences within the first 50 nt downstream of the stop codon (Table 1 and Fig. 5 ), a characteristic one would expect of transcription terminators. Interestingly, the strongest terminators downstream of each gene (compare 'Best' with 'All' in Fig. 5A and C) show a more dramatic peak. Thus, the strongest structures are usually encountered first after the stop codon by the RNA polymerase and are probably responsible for most transcription termination. This is further substantiated if one looks at only the set of the strongest structures amongst the 'Best' candidate structures. Almost all structures apart from those that constitute the peak are eliminated in such a plot ( Fig. 5B and D) . In contrast, all archaeal genomes show a modest or no peak in this region, indicating that they probably employ a different mechanism of termination ( Table 2 and Fig. 6A and C) . Even the strongest structures are scattered throughout the entire window analysed (Fig. 6B and D) . This is not surprising, since the transcription machinery in Archaea does not resemble the prokaryotic architecture.
Comparison with other algorithms
As discussed above, earlier theoretical analyses indicated that most bacteria use a distinct mechanism for intrinsic transcription termination. In contrast, we find that most bacterial genomes show a concentration of secondary structures downstream of coding sequences. This is probably because the majority of previous attempts did not take into account the possibility of secondary structure alone working as a terminator (18) (19) (20) (21) (22) . As a result, they identified only the L-shaped and some X-shaped (those with L-shaped structures in both orientations) terminators identified by the present algorithm.
The only previous analysis of the distribution of secondary structures in the non-coding region similarly detected a concentration of structures downstream of the stop codon in a minority of bacterial species (23) . This is probably because of the rigid 60 base window employed in the study leading to blunting of peaks. Thus, modest peaks become statistically indistinguishable from the basal species-specific ∆G. On the other hand, our algorithm varies the window size dynamically and specifically to identify individual stem-loop structures, thereby improving the sensitivity and accuracy of the prediction.
Another advantage of the GeSTer algorithm is that the cut-off parameters have been optimised to maximise the resolution between downstream structures with respect to upstream structures. In contrast, earlier workers attempted to improve their predictions by comparing structures within the coding region with those in the downstream region. It is noteworthy that structures when cloned upstream or downstream of a coding region function efficiently independent of the distance from the promoter (24) . However, the same structure becomes non-functional when present within the coding region (24) . This is probably because the translating ribosomes behind the polymerase prevent extrusion of the structure in the nascent RNA within the coding region.
Using the default parameters, GeSTer identified >90% of all experimentally tested intrinsic bacterial terminators. Notably, the algorithm even identified terminators that are subject to regulation. For instance, the structure present in the intergenic region between the bglG and bglF genes acts as an efficient terminator only in the absence of the anti-termination activity of bglG (29) . GeSTer identified this structure correctly as an intrinsic terminator. Finally, GeSTer is the fastest algorithm for the identification of intrinsic terminators in whole genomes. On a Pentium pro(r) 450 MHz processor with 128 Mb RAM, the program took ∼19 min to scan the entire E.coli genome. This is more than twice as fast as any comparable program while allowing more liberal parameters. With identical parameters, GeSTer is nearly 4.5 times faster while detecting representatives from all classes of terminators.
Distribution of terminators in eubacteria
As discussed above, in most bacterial genomes the GeSTer program identified putative intrinsic terminators downstream of 12-45% of genes. Other genes are probably part of an operon or employ Rho homologues for termination. The two hyperthermophilic eubacteria, Aquifex aeolicus and Thermotoga maritima, appear to rely less on structure-based intrinsic terminators, probably because such structures would not be stable at the high temperatures at which they grow. Amongst these, the optimal growth temperature of T.maritima (80°C) is lower than that of A.aeolicus (95°C). In agreement with this, the concentration of structures in the vicinity of the stop codon in T.maritima is better than that in A.aeolicus (Fig. 7) . Apart from the thermophiles, relatively few structures were identified in three species of Mycoplasma and the two spirochaetes (Borrelia burgdoferi and Treponema pallidum) and Buchnera sp. However, all these species retain the characteristic peak of structure downstream of the stop codon. Of the remaining, only Mycobacterium leprae and Rickettsia prowazekii show a broader distribution with modest peaks. All other genomes show a sharp peak within 50 nt downstream of stop codons. Best/Genes, the percentage of genes that have at least one putative terminator downstream; %L, %I, percentage of best candidate structures that are L-and I-shaped, respectively; %X, %U, %V, percentage of total structures that are X-, U-and V-shaped, respectively; No. /U, number of individual structures that constitute each U-shaped terminator.
Another point of interest is that the majority of species that showed a lowered reliance on intrinsic terminators are obligate pathogens (Chlamydophila pneumoniae, B.burgdoferi, Helicobacter pylori, T.pallidum, M.leprae and R.prowazekii) or obligate endosymbionts (Buchnera sp.). The underlying evolutionary or molecular basis for this bias is unclear at present.
Distribution and frequency of individual classes of terminators
Individual bacterial species rely on various classes of terminators to different extents (Table 3) . However, irrespective of their frequency, all the single structures peak at the same position (Figs 7 and 8) . The peak for V-and U-shaped structures is offset by a few nucleotides downstream because they are composed of two structures and therefore their midpoint is shifted (Fig. 8) . Furthermore, since the distance between the two structures in U-shaped structures varies from case to case, the peak is broader compared to that of single structures. Since V-shaped structures are rare, we have shown a single cumulative graph for all bacteria. On the other hand, for U-and X-shaped structures graphs from representative species are shown. Thus, all classes of structures appear to have a common function, as terminators.
Of the more than 26 000 best candidate terminators identified in all bacterial species, approximately half (46.6%) do not have an appreciable U-trail. However, individual species show a wide range (10-90% with a standard deviation of 21.6%, Table 3 ) in preference for L-and I-shaped structures. Organisms like Bacillus subtilis, Staphylococcus aureus and Ureaplasma urealyticum rely largely on the L-shaped structures, while P.aeruginosa and M.tuberculosis primarily employ I-shaped structures. However, the most surprising finding was that approximately half (50.9%) of the structures even in the prototypical E.coli were I-shaped. There is a weak linear correlation between the preference for I-shaped structures and the G/C content of the organism (Fig. 9) . However, this is unlikely to be the primary determinant of this preference. For instance, Caulobacter crecentus, Deinococcus radiodurans, Mycobacterium tuberculosis and P.aeruginosa have very similar G/C contents but have a highly disparate preference for I-shaped structures ranging from 53 to 91%. We believe that the primary cause for this variation may be the rate of transcription elongation in different organisms (discussed below).
X-shaped structures constitute up to 8.5% of the structures identified while V-shaped are the rarest. It would be interesting to test whether Streptomyces sp., where V-shaped structures have explicitly been shown to function (26) , show an overrepresentation of this class. This test awaits a complete genome. In contrast, the tandem U-shaped structures are relatively common, constituting 5-17% of structures in different genomes. Interestingly, most of the tandem terminators are composed of two structures (No. /U in Table 3 ). Only rarely are more than three structures present. This is significant, since we have shown previously that two weak structures when placed in tandem can work synergistically (24) . Furthermore, such structures bring about transcription termination comparable to a single strong structure (24) . Therefore, additional structures would be wasteful. Thus, tandem structures provide the cell with an alternative mechanism of efficient termination using individually weak structures.
A general model for intrinsic transcription termination
The efficiency of transcription termination is believed to be determined by kinetic competition between the rates of elongation and release (1, 30) . In addition, recent work suggests that the primary role of the U-trail may not be to weaken the RNA-DNA hybrid, but instead it serves to stall the elongating polymerase (15) , thereby allowing the hairpin to be extruded, dislodging the nascent chain from the catalytic site. In organisms, like M.tuberculosis, where the rate of RNA chain elongation is considerably slower than in E.coli (31) , such a role for the U-trail would be superfluous. Therefore, an I-shaped structure, even without the U-trail, could work as efficiently as an L-shaped structure. Thus, we believe that the rate of elongation of polymerase is the primary determinant of the choice of class of structure. In agreement with this prediction, even E.coli RNA polymerase itself, when made to move slowly, terminates efficiently in the absence of a U-trail (7, 32) .
Conclusions and corollary
Intrinsic terminators represent a highly economical mechanism of transcription termination. Results with our algorithm imply that variants of the mechanism elucidated in E.coli are conserved in most bacteria. We have shown that a secondary structure alone is sufficient to bring about transcription termination both in vivo as well as in vitro.
A point to be noted is that two classes of highly transcribed genes, rRNA and tRNA, are known to have extensive secondary structure in their RNA. In addition, these genes are not translated; therefore, a secondary structure within the coding region of such genes could lead to premature termination since there are no translating ribosomes to protect these regions (discussed above). Significantly, the algorithm does not identify any structures in the coding regions of these genes in any of the bacterial species tested so far, further buttressing the confidence in the predictions. Thus, GeSTer represents an extremely versatile and fast algorithm for the identification and classification of terminators in bacterial genomes. Furthermore, the present algorithm is an invaluable tool that would considerably improve the accuracy of identification of intrinsic terminators in bacterial whole genome sequencing projects.
